Patients with platelet ␣ or dense ␦-granule defects have bleeding problems. Although several proteins are known to be required for ␦-granule development, less is known about ␣-granule biogenesis. Our previous work showed that the BEACH protein NBEAL2 and the Sec1/Munc18 protein VPS33B are required for ␣-granule biogenesis. Using a yeast two-hybrid screen, mass spectrometry, coimmunoprecipitation, and bioinformatics studies, we identified VPS16B as a VPS33B-binding protein. Immunoblotting confirmed VPS16B expression in various human tissues and cells including megakaryocytes and platelets, and also in megakaryocytic Dami cells. Characterization of platelets from a patient with arthrogryposis, renal dysfunction, and cholestasis (ARC) syndrome containing mutations in C14orf133 encoding VPS16B revealed pale-appearing platelets in blood films and electron microscopy revealed a complete absence of ␣-granules, whereas ␦-granules were observed. Soluble and membrane-bound ␣-granule proteins were reduced or undetectable, suggesting that both releasable and membranebound ␣-granule constituents were absent. Immunofluorescence microscopy of Dami cells stably expressing GFP-VPS16B revealed that similar to VPS33B, GFP-VPS16B colocalized with markers of the trans-Golgi network, late endosomes and ␣-granules. We conclude that VPS16B, similar to its binding partner VPS33B, is essential for megakaryocyte and platelet ␣-granule biogenesis. (Blood. 2012; 120(25):5032-5040)
Introduction
Inherited platelet disorders are important causes of abnormal bleeding. Studies of congenital platelet disorders have made major contributions to platelet biology, 1,2 and key insights into platelet granule formation and function have come from investigating patients with deficient or absent ␣ and/or ␦-granules. Most inherited defects involve platelets lacking ␣-granules or ␦-granules but not both, suggesting the existence of distinct granule development pathways.
Platelets arise from bone marrow-resident megakaryocytes (MKs), which differentiate from hematopoietic stem cells and produce masses of platelets via the formation of microtubuledependent proplatelet extensions. 3, 4 Budding vesicles in the megakaryocyte trans-Golgi network mature into multivesicular bodies (MVBs) and granules [5] [6] [7] that are transported into proplatelets 8 to produce mature platelets containing 50 to 80 ␣-granules, 3 to 8 ␦-granules, and a few lysosomes. ␣-granules contain a wide range of proteins that are both endogenously synthesized as well as endocytosed. 5 Several insights into MK and platelet ␦-granule development have come from studying patients with Hermansky-Pudlak syndrome (HPS), and Chediak-Higashi syndrome (CHS; MIM214500) for which mouse models exist. [9] [10] [11] [12] In both of these genetic diseases platelets lack ␦-granules. Several genes/proteins linked to the regulation of vesicle trafficking have been implicated in ␦-granule formation, including components of BLOC (biogenesis of lysosomerelated organelles complex) protein complexes (BLOC-1, 2, 3), known vesicle-trafficking proteins (VPS33A, and the ␤3A and ␦ subunit of AP-3), and the BEACH domain-containing protein LYST. 9, 10, 12, 13 Less is known about ␣-granule development, which is affected in 3 inherited human disorders: Quebec platelet disorder, gray platelet syndrome (GPS; MIM139090), and ARC syndrome (arthrogryposis, renal dysfunction, and cholestasis). The ␣-granule defect in the Quebec platelet disorder is because of the abnormal presence of urokinase in platelets resulting in the proteolytic degradation of multiple ␣-granule proteins, 14, 15 arising from tandem duplication of the PLAU gene. 16 GPS is characterized by variable thrombocytopenia and large gray-appearing platelets on blood smears with markedly decreased to absent ␣-granules and ␣-granule proteins, 17, 18 recently shown by us and others to be caused by mutations in NBEAL2 encoding a BEACH protein. [19] [20] [21] Earlier we identified VPS33B as a key component in the formation of platelet ␣-granules based on their absence in platelets from ARC syndrome patients with mutations in VPS33B (VPS33B-ARC; MIM608552). 22, 23 Absence of platelet ␣-granules has subsequently been observed by others in VPS33B-ARC patients. 24, 25 The observation that GPS and VPS33B-ARC platelets lack ␣-granules but contain ␦-granules, whereas HPS platelets are devoid of ␦-granules but contain ␣-granules, suggests there are distinct pathways for ␦-granule and ␣-granule biogenesis in maturing MKs.
VPS33B is a member of the Sec1/Munc18 (SM) protein family, known to be important for intracellular vesicle trafficking. 26 SM proteins are known to interact with membrane-associated soluble N-ethylmaleimide-sensitive fusion (NSF)-attachment protein receptors (SNAREs) of the syntaxin subfamily. Although VPS33B has yet to be characterized in detail, its metazoan homolog VPS33A is known to be part of a multiprotein complex involved in intracellular vesicle trafficking 27 with mutations causing ␦-granule deficiency in a mouse model (buff) of HPS. 28 Saccharomyces contains a single Vps33p homologue that is a component of 2 multiprotein complexes: the HOPS (homotypic fusion and protein vacuole sorting) and CORVET (class C core vacuole/endosome tethering) complexes. 29 CORVET is present at endosomes and is required for endosomal trafficking, whereas HOPS is present at vacuoles and is required for vacuolar trafficking. 29 In Drosophila, mutations in dVps33A result in the carnation eye color pigmentation defect, and dVps33A exists as part of a complex. 30 Drosophila HOPS complex subunits are required for lysosomal delivery of different cargos and for fusion of lysosomes with autophagosomes. [30] [31] [32] [33] That dVps33A and dVps33B are part of distinct complexes with nonredundant functions is demonstrated by the specific interactions between dVps33A and dVps16A, as well as between dVps33B and dVps16B. 32 Drosophila dVps33A is required for late endosome-tolysosome fusion, whereas early endosomes are unaffected. 34 Loss of dVps33A function was not restored by expression of dVps33B, confirming the distinct roles of these proteins during vesicular trafficking. Vps16B was also recently shown to be required for phagosome maturation in Drosophila. 35 These observations suggest that mammalian VPS33B also interacts with other proteins to facilitate vesicular trafficking.
In this report, we investigated whether there are potential VPS33B-binding proteins that facilitate MK and platelet ␣-granule biogenesis. Using a yeast two-hybrid screen with VPS33B as bait against a human bone marrow library, we found binding to an uncharacterized gene product of chromosome 14 open reading frame 133 (C14orf133). The interaction was confirmed through coimmunoprecipitation (Co-IP) experiments, as well as mass spectrometry. Bioinformatics sequence analysis revealed that C14orf133 encodes human VPS16B. Immunoblot analysis confirmed the presence of VPS16B in various human tissues including MKs, platelets, and megakaryocytic Dami cells. While we were conducting these experiments, an interaction between VPS33B and VPS16B (SPE-39, VIPAR) was shown 36, 37 and mutations in C14orf133 were associated with ARC syndrome (MIM613401). 36 Blood from an ARC patient containing a homozygous nonsense mutation in exon 8 of the VPS16B gene (C14orf133, VIPAR) revealed gray-appearing platelets on blood films. Whole-mount and transmission electron microscopy (TEM) of platelets confirmed the presence of ␦-granules but a complete absence of ␣-granules. As with VPS33B-ARC platelets, soluble and membranebound ␣-granule proteins were significantly decreased to absent in VPS16B-ARC platelets. Dami cells stably expressing GFP-VPS16B costained with various intracellular markers revealed that VPS16B, similar to VPS33B, traffics between the trans-Golgi network late endosomes and ␣-granules. Thus our studies confirm that VPS16B, similar to its binding partner VPS33B, is required in megakaryocyte and platelet ␣-granule biogenesis.
Methods

Patients
This study was performed according to the guidelines of the Research Ethics Board at The Hospital for Sick Children and the Internal Review Board of the Pitt County Memorial Hospital. Informed consent was provided according to the Declaration of Helsinki. A full-term female patient was born to healthy nonconsanguineous parents. The findings of arthrogryposis, conjugated hyperbilirubinemia, and renal tubular acidosis led to a diagnosis of ARC syndrome. Frequent episodes of epistaxis suggested a bleeding diathesis in this patient. Molecular studies confirmed that the neonate has a homozygous mutation in exon 8 of C14orf133, (VIPAR; c.484C Ͼ T) leading to a premature stop codon (p.Arg162Stop). Although mutations in C14orf133 have been shown to cause ARC syndrome (https://grenada.lumc.nl/LOVD2/ARC), 36 the c.484C Ͼ T mutation has not been previously described. Limited blood sample availability precluded platelet function testing.
Yeast two-hybrid analysis and cDNA constructs
The yeast two-hybrid library screen against premade human bone marrow library (Clontech) with VPS33B as bait was performed as per the manufacturer's specifications. The coding sequence of human VPS16B was PCR amplified from the vector pCMV6-XL5, which contained the library inserts with 5Ј-TAGTAGAATTCATGAATCGGACAAAGGGTGA-3Ј and 5Ј-ATCTAGGTACCAAGGTAGTCAATGCCACTTA-3Ј. The PCR product was then inserted into pEGFP-C2 (Clontech). Using 5Ј-GACACGA-ATTCAGATGAATCGGACAAAGGGT-3Ј and 5Ј-CGTCCGGTACCTTAA-TTCTTCCATCGAATTT-3Ј human VPS16B was inserted into pCMV-Myc (Clontech). GFP-hVPS16B was then subcloned from pEGFP-C2 using AseI and BamHI restriction sites into pIRES2-DsRed-Express vector (Clontech) for the Dami stable cell line. For bacterial expression of S-tagged hVPS16B the coding sequence was PCR amplified and inserted into the pETDuet-1 vector (Novagen, EMD Millipore) with 5Ј-ATACGG-TACCATGAATCGGACAAAGGGTGATGAGG-3Ј and 5Ј-GTGAGG-TACCATTCTTCCATCGAATTTGCGAGCTG-3Ј.
Cell cultures
Human embryonic kidney (HEK293) cells were grown in DMEM (with 4.5 g/L glucose, 4mM L-glutamine, 100 g/mL penicillin/streptomycin; Wisent Bioproducts), supplemented with 10% fetal bovine serum (FBS). Transfection of plasmids in HEK293 cells was performed with Lipofectamine 2000 (Invitrogen; Life Technologies), using one-half the amount of reagent and a quarter of the DNA suggested by the manufacturer. Dami cells were the generous gift of Dr David Wilcox. Cells were grown in Iscove Modification of DMEM supplemented with 10% horse serum (HS; Wisent Bioproducts). Dami cell induction was achieved by supplementing growth media for 3 to 5 days with 1M phorbol 12-myristate 13-acetate (PMA; Invitrogen) and 50 ng/L thrombopoietin (TPO; Kirin). Plasmids were introduced into Dami cells through electroporation using Amaxa Nucleofector kits and devices, as per manufacturer specifications (Lonza). Dami cells stably expressing GFP-hVPS16B were selected with 2 mg/mL G418 (Wisent Bioproducts), and individual clones assayed through immunoblotting with anti-GFP antibody. Human megakaryocytes were cultured from CD34 ϩ cells as previously described. 23 Human platelets were isolated and prepared for immunostaining as previously described. 38 
Immunoblot and coimmunoprecipitation analysis
Immunoblot analysis of platelet and cell lysates was done as previously described. 23 For VPS16B protein expression in different human tissues we used the human tissue INSTA-Blot (Imgenex) containing 11 human tissue lysates. For Co-IP experiments, HEK293 cells were grown in 10-cm dishes and transiently transfected with GFP-VPS33B and Myc-hVPS16B constructs at 80% confluence. Cells were harvested 24 hours later, washed in ice-cold PBS and lysed in 1 mL 1% TX-100 buffer (100mM NaCl, 30mM
BLOOD, 13 DECEMBER 2012 ⅐ VOLUME 120, NUMBER 25 For personal use only. on October 21, 2017. by guest www.bloodjournal.org From HEPES, 20mM NaF, 1mM EGTA; pH 7.5) with 1 ϫ protease inhibitor cocktail without EDTA (Roche) at 4°C. Cell debris was removed by centrifugation at 16 000g for 10 minutes at 4°C. The supernatant was then divided in 2 for preclearing with 100 L slurry of protein A sepharose (Sigma-Aldrich) and with protein G sepharose (GE Healthcare) for 1 hour at 4°C. The precleared lysates were incubated with 2 g anti-GFP and 1 g anti-Myc antibodies, respectively, with the appropriate IgG controls (Dako Canada) for 1 hour at 4°C. Immune complexes were incubated with 50 L protein A or G slurry for 1 hour at 4°C, washed 3 times in 1 mL 1% TX-100 buffer, and eluted in 25 L Laemmli buffer. Eluates were subjected to SDS-PAGE followed by immunoblotting with anti-Myc and anti-GFP antibodies. Co-IP from Dami cells was performed similarly, with 10 L anti-VPS33B serum, and 10 L of the preimmune rabbit serum as a control. Human megakaryocytes were collected from a 50 mL culture at 400g for 5 minutes, washed twice in ice-cold PBS, and resuspended in nondenaturing lysis buffer (1% TX-100, 50mM Tris-chloride, 300mM NaCl, 5mM EDTA, 0.02% NaN 3 , pH 7.4) with 1 ϫ protease inhibitor cocktail without EDTA (Roche) for 30 minutes at 4°C. Cell debris was removed through centrifugation at 16 000g for 15 minutes at 4°C. The lysate was precleared with 30 L protein G sepharose slurry (GE Healthcare Biosciences) at 4°C for 30 minutes with end-over-end rotation. Ten milliliters of preimmune serum or anti-VPS33B serum were preincubated with 50% protein G sepharose beads for 1 hour at 4°C, washed 4 times in 1 mL nondenaturing lysis buffer, and subsequently incubated with the precleared lysate with 10% BSA overnight at 4°C. Sepharose bead-immune complexes were washed 3 times in 1 mL wash buffer (lysis buffer with 0.1% TX-100), once in 1 mL PBS, and flushed with 40 L Laemmli buffer.
Cell fractionation
Dami cells were counted and a suspension of 40 ϫ 10 6 cells was collected by centrifugation at 500g for 5 minutes, washed in ice-cold PBS, and resuspended in 300 L CF buffer (25mM HEPES, 150mM NaCl, 1mM EGTA, 1mM DTT, 0.5mM MgCl 2 , pH 7.4). Cells were lysed by passage through a 25-G needle 50 times, and centrifuged at 16 000g for 10 minutes at 4°C. The supernatant was centrifuged at 100 000g for 1 hour at 4°C in a Beckman-Coulter Optima Max-XP ultracentrifuge with the TLA-110 rotor. The resulting supernatant constituted the cytosolic fraction and was saved, while the pellet was resuspended in CF Buffer with 1% TX-100, and centrifuged at 10 000g for 1 hour at 4°C. Both supernatants were then subjected to SDS-PAGE followed by immunoblotting with anti-VPS16B and anti-VPS33B antibodies.
Mass spectrometry, antibodies, molecular evolutionary analysis of C14orf133, bright field microscopy, electron microscopy, and confocal immunofluorescence microscopy The experimental details are described in supplemental Methods (available on the Blood Web site; see the Supplemental Materials link at the top of the online article).
Results
VPS33B interacts with chromosome 14 open reading frame 133 (C14orf133)
To identify potential VPS33B binding proteins, we performed a yeast two-hybrid library screen with VPS33B as bait against a human bone marrow library. More than 52% of the positive interactions were with an uncharacterized gene product of chromosome 14 open reading frame 133 (C14orf133; data not shown). To confirm this interaction we performed Co-IP experiments of transiently transfected Myc-C14orf133 and GFP-VPS33B tagged constructs in HEK293 cells. Anti-Myc immunoprecipitation (IP) followed by anti-GFP immunoblotting (IB) showed specific binding of C14orf133 to VPS33B but not to VPS33A ( Figure 1A) . The interaction between C14orf133 and VPS33B was further confirmed using a stable HEK293 cell line expressing C-terminal tagged VPS33B-FLAG combined with mass spectrometry (supplemental Figure 2A -B). That this interaction is also present in vivo in MKs and Dami cells was shown using anti-VPS33B serum to Co-IP VPS33B with C14orf133 as shown in Figure 1B . Taken together our results show that VPS33B interacts with C14orf133 both in vitro and in vivo.
Sequence analysis suggests that C14orf133 is mammalian VPS16B
From multiple sequence alignments, molecular evolutionary analysis reveals C14orf133 to be the human ortholog of VPS16B as shown in Figure 2 and supplemental Figure 3A and B. Secondary structure predictions to identify positions of ␣-helices demonstrate a well-conserved secondary structure between VPS16A and VPS16B, despite sharing only 20% sequence identity (supplemental Figure 3A-B) . The multiple sequence alignment was generated using structural information (see supplemental Methods). Only nodes with at least 50% support (from 10 000 bootstrap replicates) are resolved. Under the assumption that the shared region from VPS16A and VPS16B has a common ancestor, VPS16A_YEAST represent the outgroup for this phylogenetic tree. Branch lengths indicate average amino acid substitutions per site (see scale bar).
Presence of VPS16B in human tissues, megakaryocytes, Dami cells, and platelets
Using a polyclonal mouse anti-VPS16B we determined the presence of VPS16B in various human tissues ( Figure 3A ) as well as MKs and platelets ( Figure 3B ) via immunoblotting. VPS16B was seen to be present in most tissues, although the relative amount varied considerably compared with the GAPDH loading control. Different sized bands in the tissue blot may represent different isoforms, proteolytic degradation, or nonspecific antibody binding. VPS16B is present in human MKs and platelets ( Figure 3B ). Because we did not observe VPS33B in platelets using a polyclonal antibody generated against the N-terminal of VPS33B previously, 23 or on repeat testing ( Figure 3B bottom blot, N-terminal) we were surprised to detect VPS33B in platelets using a newly generated rabbit anti-VPS33B (internal amino acids 450-478) antibody (Figure 3 middle panel, internal) . Cellular fractionation studies indicated that in Dami cells the majority of VPS16B and VPS33B are present within the cytosolic fraction, with a small proportion in the membrane compartment ( Figure 3C ).
Structural abnormalities of platelets from an ARC patient with loss of VPS16B
We analyzed platelets from an ARC patient containing a homozygous nonsense mutation in exon 8 of C14orf133, (VIPAR) encoding VPS16B (VPS16B-ARC; VPS16B null) resulting in a complete loss of VPS16B and a partial loss of VPS33B protein expression in platelets ( Figure 3D ). The platelet count was 280 ϫ 10 9 /L with a mean platelet volume (MPV) of 10.9 fL. The platelet size distribution revealed some very large platelets with a MPV of 15 to 25 fL. The platelets appeared pale and agranular in Wright-Giemsa stained blood films ( Figure 4A ) compared with control neonatal platelets ( Figure 4B ).
To determine the ␣-granule content and analyze the ultrastructure of VPS16B-ARC platelets, thin section transmission EM was performed as shown in Figure 5 . Platelet ␣-granule deficiency was clearly evident in micrographs ( Figure 5B ) compared with control neonatal platelets ( Figure 5A ). A complete absence of ␣-granules was noted in VPS16B-ARC platelets (n ϭ 50 platelets) compared with an average of 5.5 ␣-granules per platelet section in controls (n ϭ 25 platelets). 23 Dense granule quantification using wholemount EM revealed an average count of 10.3 dense granules per VPS16B-ARC platelet (n ϭ 25 platelets) compared with 1.4 per platelet in neonatal controls. 23 Thus ultrastructural studies confirmed a complete absence of ␣-granules and increased ␦-granules in VPS16B-ARC platelets, similar to observations in VPS33B-ARC platelets. 23 
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␣-granule proteins are deficient in VPS16B null platelets
To demonstrate that the observed ␣-granule deficiency in VPS16B null platelets was also accompanied by a deficit of ␣-granule proteins, we analyzed several ␣-granule proteins using immunoblots ( Figure 6 ). Equivalent sample loading was performed by loading lysates from similar numbers of platelets, measuring total protein concentrations and probing for actin or GAPDH. The results shown in Figure 6 indicate that the MK-synthesized proteins PF4, ␤-TG, osteonectin, TSP1, and VWF are markedly reduced to absent in VPS16B null platelets compared with controls ( Figure  6A -E). Although VWF was markedly decreased in VPS16B null platelets ( Figure 6E) , it was present in normal amounts in VPS16B-ARC patient plasma ( Figure 6F ), suggesting that endothelial VWF synthesis was unaffected. Fibrinogen was also reduced in VPS16B null platelets compared with controls ( Figure 6G ) but present in normal amounts in patient plasma (not shown), suggesting that exogenous ␣-granule protein uptake is diminished in the absence of ␣-granules. The membrane protein P-selectin is absent in VPS16B null platelets ( Figure 6H ), suggesting an absence of ␣-granule membrane structures.
VPS16B localizes with trans-Golgi network, late endosomal and ␣-granule markers
Studies in our laboratory have demonstrated the presence of VPS33B in the proximity of late endosomes and ␣-granules in human megakaryocytes. 23 Because our anti-VPS16B antibody was 
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URBAN et al BLOOD, 13 DECEMBER 2012 ⅐ VOLUME 120, NUMBER 25 For personal use only. on October 21, 2017. by guest www.bloodjournal.org From not adequate for IF microscopy, we generated a Dami cell line expressing stable levels of GFP-VPS16B to determine its intracellular localization relative to different vesicular markers in this megakaryocytic cell (Figure 7, supplemental Figure 4 ). These studies were done in triplicate where multiple cells were scored (supplemental Table 1 ) and representative images were taken. The distribution of GFP-VPS16B is in a granular pattern throughout the cytoplasm of Dami cells (green in Figure 7 , supplemental Figure  4 ). GFP-VPS16B partially colocalizes with the trans-Golgi marker AP-1 ( Figure 7A-C) , the late endosome/lysosomal marker LAMP1 ( Figure 7D-F) , the late endosome marker Rab7 ( Figure 7G-I) , the ␣-granule marker VWF ( Figure 7J-L) , but not the ␦-granule/ lysosome marker CD63 (Figure 7M-O) . The relative colocalization with these vesicular markers is indicated by the Pearson correlation coefficients (supplemental Table 1 ). There is little or no colocalization between GFP-VPS16B and the cis-Golgi marker GM130 (supplemental Figure 4A-C) , the endosome/trans-Golgi marker M6PR (supplemental Figure 4D-F) , the early endosome marker EEA1 (supplemental Figure 4G-I) , and the recycling endosome marker TfR (supplemental Figure 4J-L) . These studies suggest that VPS16B interacts with the trans-Golgi network, late endosomes and associates with ␣-granules as observed with VPS33B. 23 
Discussion
Platelet secretory granules develop within maturing bone marrow megakaryocytes, where ␣-granules, ␦-granules, and lysosomes are transported to extending proplatelets 8 and undergo further maturation after platelets are released into the circulation. Immunogold electron microscopy studies of megakaryoblastic CHRF-288 and MK cells suggest that ␣-granules develop from budding vesicles of the Golgi complex, from where they mature into multivesicular bodies and ␣-granules. 5, 6 Morphologically, 2 types of multivesicular bodies can be distinguished: immature type I MVBs contain internal vesicles only, and type II MVBs contain internal vesicles and an electron dense matrix. 6 Observations that the dense granule/ lysosomal transmembrane CD63 protein is localized to MVBs 6 and deficient in HPS patients 39 suggest that MVBs are also intermediate stages during ␦-granule biogenesis. Although MVBs provide common sorting compartments for ␣ and ␦-granule formation, the mechanisms by which these vesicles develop into distinct granules is unknown.
Several molecules have been implicated in ␦-granule development, whereas only 2 proteins have been identified as being required for ␣-granule biogenesis: the BEACH domain containing protein neurobeachin-like 2 (NBEAL2; deficient in GPS) [19] [20] [21] and the Sec1/Munc18 protein VPS33B (deficient in VPS33B-ARC syndrome). 23 The molecular details of how NBEAL2 functions during vesicular trafficking are unknown. As for VPS33B, the known functions of other Sec1/Munc18 proteins, the Drosophila homolog Vps33B and the yeast homolog Vps33p suggest that mammalian VPS33B interacts with SNAREs and other proteins to facilitate membrane docking and fusion during vesicular trafficking and ␣-granule formation. 23 We identified C14orf133 as a VPS33B binding protein using a yeast two-hybrid screen, and confirmed the interaction by Co-IP ( Figure 1A ) and mass spectrometry (supplemental Figure 2) experiments in mammalian cells. That the interaction occurs in human MKs and Dami cells was shown by native IP experiments using a polyclonal anti-VPS33B antibody ( Figure 1B ). Other groups have also identified C14orf133 as a VPS33B interacting protein using Caenorhabditis elegans, 37 mammalian 36, 37 and Drosophila protein binding assays. 32 The protein encoded by C14orf133 has been variably termed SPE-39, 37 VIPAR (VPS33B-interacting protein, apical-basolateral polarity regulator), 36 and dVps16B. 32 Previous work in Drosophila identified dVps16B, the product of the CG18112 gene, as a homolog of dVps16A, based on shared sequence similarity in their C-terminal domains. 32 Here, we show that the C-terminal regions of the human homolog of CG18112 and VPS16A are likewise conserved. Despite the relatively low sequence identity associated with these sequences, they are nonetheless predicted to have a conserved secondary structure (supplemental Figure 3B) . A multiple sequence alignment of the conserved C-terminal region of the VPS16 family guided by secondary structure predictions allowed us to improve on previous attempts to align this family, 36, 37 extend the taxonomic range and construct a 
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phylogeny, which supports the hypothesis that the ancestral form of VPS16A duplicated early in the Metazoan lineage ( Figure  2 , supplemental File 1). In light of this relationship and consistent with the earlier study, 32 we propose the divergent family should be named VPS16B. Intriguingly, whereas the C-terminal domains of VPS16A and VPS16B (termed Vps16_C; Pfam ID: PF04840) are well conserved, VPS16B appears to have lost the relatively well conserved Vps16_N domain (Pfam ID: PF04841) associated with VPS16A. Although the N-terminus of VPS16B is more variable (supplemental Figure 3B) , this region still represents a common domain (Golgin_A5; Pfam ID: PF09787.2). Golgin_A5 has also been identified in plants, but its combination with Vps16_C represents a metazoan innovation and is only present as a single copy in any species. Together these data suggest that through duplication and subsequent replacement of Vps16_N domains with Golgin_A5, VPS16B provides metazoans with the prospect of either expanding (neofunctionalization) or specializing (subfunctionalization) the function of the Vps-C complex.
The binding interaction of VPS16B to VPS33B suggests that VPS16B, similar to VPS33B, may play a role during ␣-granule biogenesis. Previous studies in Drosophila have suggested that there are 2 functionally distinct class C Vps complexes. 32, 34 Importantly, dVps33B was shown to interact only with dVps16B. Furthermore, the 2 dVps33 homologues appear to have nonredundant functions, as dVps33B was unable to rescue the effect of a dVps33A deletion. 34 Based on these findings, we performed Co-IP experiments with tagged human VPS16B and VPS33A ( Figure 1A , top immunoblot). Although there is a strong interaction between Myc-VPS16B (Myc-C14orf133) and GFP-VPS33B, we were unable to observe any binding between Myc-VPS16B and GFP-VPS33A ( Figure 1A, bottom immunoblot) . In contrast to these findings and those of Pulipparacharuvil et al, 32 interactions between tagged VPS16B and VPS33A were observed by another group. 37 Although the discrepant results are not explained, it should be noted that, similar to Drosophila, VPS33A and VPS33B have nonredundant functions in platelet granule biogenesis, because mutations in VPS33A (missense mutation in buff mouse) cause ␦-granule defects, 28 whereas mutations in VPS33B (VPS33B-ARC) cause ␣-granule defects. 23 Taken together our results suggest that human VPS33A and VPS33B form components of functionally distinct complexes involved in different aspects of platelet granule biogenesis.
To detect VPS16B protein in human cells we set out to make a monoclonal antibody directed against VPS16B. Although we were unsuccessful in getting a monoclonal antibody, sufficient polyclonal mouse serum was available showing immunoblot specificity in MK and Dami cells (supplemental Figure 1) . The protein expression of VPS16B appears fairly widespread in human tissues ( Figure 3A) and importantly was present in human platelets ( Figure  3B ).This was unexpected because we did not previously identify its binding partner, VPS33B, in human platelets. 23 However, using a newly generated antibody against an internal region of VPS33B (see supplemental Methods), we also confirmed the presence of VPS33B in platelets ( Figure 3B ). The absence of a signal, using the antibody generated against the 16 N-terminal amino acids of VPS33B, could reflect posttranslational modification or proteolysis of this region in VPS33B in platelets. The presence of VPS33B and VPS16B in platelets raises the possibility that these proteins function in circulating platelets for new granule biogenesis during platelet progeny formation 40 and/or release processes.
Because VPS33B-VPS16B is predicted to function in vesicular docking and fusion events during ␣-granule development, we wanted to assess its relative distribution in the cytosolic and membrane compartments of megakaryocytic Dami cells. As can be seen from cell-fractionation experiments the majority of VBS16B and VPS33B is found in the cytosolic compartment with smaller amounts associated with membrane fractions ( Figure 3C ). Because the majority of VPS33B-VPS16B is cytosolic, the recruitment to membranes for facilitating vesicular fusion is probably a dynamic process. It is possible that after membrane fusion is completed, VPS33B-VPS16B disengage from the membranes of the fused vesicles and return to the cytosol of the cell.
Based on the complex formation between VPS33B and VPS16B, it was not surprising to observe, that mutations in VPS16B (C14orf133, VIPAR) similar to VPS33B, cause ARC syndrome in humans. 22, 36 In zebrafish and mouse cells, deficiency of VPS16B causes biliary secretion and tight junction defects of the medullary collecting ducts, respectively, confirming the role of VPS16B in regulating apical-basolateral polarity in the liver and kidney. 36 In C elegans, VPS16B is involved in vesicular biogenesis during spermatogenesis and processing of endocytosed proteins in oocytes and coelomocytes. 37 The Ras-related GTP-binding proteins Rab5, Rab7, and Rab11 that are known regulators of vesicular trafficking have been associated with VPS16B. 36, 37 Because we previously showed that VPS33B-ARC patients have abnormal platelets that lack ␣-granules, 23 we predicted that platelets from patients with mutations in C14orf133 have similar abnormalities. We characterized platelets from a patient with ARC syndrome (VPS16B-ARC) containing a homozygous nonsense mutation in exon 8 of C14orf133, (c.484C Ͼ T) leading to a premature stop codon at amino acid 162. This mutation has not been previously described compared with 7 other subjects with C14orf133 (VIPAR) mutations. 36 In contrast to normal control platelets, VPS16B protein is completely absent and VPS33B is markedly reduced in platelets from this patient determined by immunoblotting ( Figure 3D , compare lanes 1 and 2 in left and right panels, respectively). Decreased VPS33B in the absence of VPS16B suggests that these proteins have a stabilizing effect on each other within the VPS33B-VPS16B complex.
The dark blue staining pattern of normal platelets in blood films is largely because of the basophilic protein content of platelet ␣-granules. The abnormal, pale and agranular appearance of VPS16B-ARC (VPS16B null) platelets in blood films ( Figure  4A -B) suggested ␣-granule deficiency, as was also noted in VPS33B-ARC platelets. 23 Evidence that VPS16B null platelets contain no recognizable ␣-granules was confirmed by thin-section transmission EM ( Figure 5B ) compared with an average number of 5.5 ␣-granules per platelet thin section, seen in controls ( Figure  5A ). 23 Whole-mount EM determined that ␦-granules were present at increased numbers (10.3 per platelet) compared with neonatal controls (1.4 per platelet) as was also observed in VPS33B-ARC platelets. 23 By comparison, normal human adults contain 3 to 8 ␦-granules per platelet. 41 Taken together, the ultrastructural studies confirm a complete absence of ␣-granules in all VPS16B-ARC platelets examined but the presence of ␦-granules that are increased in some VPS16B null platelets, findings that were similar to those in VPS33B-ARC platelets. 23 These data confirm that the VPS33B-VPS16B complex has a distinct functional role during platelet ␣-granule biogenesis whereas the VPS33A-containing complex (mutated in HPS buff mouse) 28 has a specific role in ␦-granule formation. The distinct roles of the VPS33B-VPS16B and VPS33A-VPS16A containing complexes is further supported by their nonredundant functions during lysosomal trafficking and pigment granule formation in Drosophila. 32, 34 Soluble proteins contained within platelet ␣-granules originate from endogenous megakaryocyte 5 (eg PF4, ␤-TG, osteonectin, TSP1, VWF) or platelet 42 synthesis or are plasma derived via processes, such as endocytosis through the ␣IIb␤3 integrin receptor (eg, fibrinogen). 5 The proteins appear to be either packed into discrete ␣-granule subpopulations 43, 44 or are spatially packaged into distinct compartments within the same ␣-granule. 45, 46 We observed that both endogenously synthesized (eg, PF4, ␤-TG [NAP-2/CXCL7], osteonectin, TSP1, VWF) as well as plasmaderived (eg, fibrinogen) soluble ␣-granule proteins were reduced or absent in VPS16B null platelets (Figure 6A-E,G) . Because VWF is also expressed in endothelial cells where it is stored in WeibelPalade bodies and actively secreted, 47 the presence of normal amounts of VWF in VPS16B null plasma ( Figure 6F ) suggests that the packaging defect of VWF is confined to VPS16B-ARC MKs, as was observed in VPS33B-ARC patients. 23 Absent ␣-granule membrane structures could explain the inability of VPS16B-ARC MKs and/or platelets to capture proteins into ␣-granule vesicles. This possibility is supported by the complete absence of the ␣-granule membrane protein P-selectin in VPS16B null platelets ( Figure 6H ). P-selectin is a type I integral membrane protein residing within ␣-granule membranes of resting platelets that is translocated to the plasma membrane of stimulated platelets. 48 The P-selectin deficit in VPS16B null platelets per immunoblot was also observed in VPS33B-ARC platelets, 23 therefore probably reflects absent ␣-granule membrane compartments. This is in contrast to gray platelet syndrome platelets (lacking NBEAL2) [19] [20] [21] where EM immunolocalization studies and immunoblots have detected P-selectin in platelets, 49, 50 albeit in reduced amounts in some patients, 17 confirming the presence of ␣-granule membrane structures in GPS platelets.
VPS33B has been associated with markers of late endosome/ lysosomes and ␣-granules but not with cis-Golgi complexes or ␦-granules/lysosomes in human MKs. 23 To determine whether VPS16B is present in similar intracellular compartments, colocalization studies using megakaryocytic Dami cells expressing stable GFP-VPS16B were performed ( Figure 7 , supplemental Figure  4 , and supplemental Table 1 ). Colocalization of GFP-VPS16B to markers of the trans-Golgi network (AP-1, Figure 7A -C), late endosome/lysosomes (LAMP1, Figure 7D -F), late endosomes (Rab7, Figure 7G -I), and ␣-granules (VWF, Figure 7J -L) was observed. In comparison, the relative colocalization of GFP-VPS16B to markers of ␦-granules/lysosomes (CD63, Figure  7M Figure 4J -L) was much reduced. The unavailability of adequate primary anti-VPS16B and anti-VPS33B antibodies for immunofluorescence microscopy studies did not allow us to look at the native distribution of these proteins in human MKs. Taken together our results suggest that VPS16B, together with VPS33B, acts along the trans-Golgi network to late endosome to ␣-granule vesicular trafficking pathway during formation of ␣-granules in megakaryocytes.
These results confirm the essential role of VPS16B in ␣-granule but not ␦-granule biogenesis in human megakaryocytes and platelets. It is predicted that VPS16B binds to VPS33B within MKs and Dami cells to facilitate docking and fusion of intracellular vesicles during ␣-granule formation. After the membranecontaining ␣-granule vesicles have been established by VPS16B-VPS33B, NBEAL2 somehow promotes further ␣-granule maturation. Identification of VPS16B as an essential component of human ␣-granule biogenesis represents an important new insight into a process that has until recently been poorly understood.
